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1
Genetic variation in life-history timing allows populations to synchronize with seasonal cycles but little is 2 known about the molecular mechanisms that produce differences in circannual rhythm in nature. Changes Winter length is expected to continually shorten from climate warming and we predict these gene 17 candidates will be targets of selection for future adaptation and population persistence.
INTRODUCTION
24
Many species display tremendous flexibility in the annual timing of physiological, morphological, and 25 behavioral transitions that enable survival in seasonal environments. The capacity to adjust the timing of 26 circannual rhythms and track local seasonal cycles can facilitate expansion into new geographic areas with 27 different seasonal environments (1, 2) . Dramatic shifts in seasonal timing seen across plants and animals in 28 recent decades (3) may also enable adaptation (4) and persistence (5, 6 ) during rapid, anthropogenic 29 alterations of the environment. When shifts in seasonal timing additionally change the number of 30 generations per year (7) (8) (9) , populations may grow faster and even tolerate a faster rate of sustained 31 environmental change ( Figure S1 ) (10) . Nevertheless, if environments change too rapidly, timing 32 mismatches with seasonality can occur (11, 12) , resulting in loss of fitness and population decline (5, 6, 33 12 ). The capacity to adjust seasonal timing and track changes in seasonal cycles, as well as our ability to 34 evaluate risks to biodiversity, depends in part on the proximate causes of variation in circannual rhythm 35 (10, 13) . However, relatively little is known about the molecular basis of this diversity (11, 14, 15) . 36 37 Insects are highly variable in the seasonal timing of transitions into and out of diapause, a stress-tolerant 38 physiological state that enables coping with seasonal challenges (1, (16) (17) (18) (19) . For temperate species, which 39 generally use seasonal changes in photoperiod and temperature to synchronize diapause with winter stress, 40 the timing of diapause transitions in spring and autumn varies widely within and among species (15, 20) 41 and therefore provides an excellent opportunity for analysis of the genetic control of circannual timing. We 42 used natural variation in timing of spring transitions from larval diapause to active development of the
43
European corn borer moth (Ostrinia nubilalis) to understand the genetic basis of this seasonal adaptation.
44
In corn borers, the duration of developmental arrest in the spring (i.e., diapause termination timing, (18) 
50
Changes in diapause timing similarly tracks shorter winters associated with climate warming, with 51 populations at the same latitude showing a ~50% average reduction in time needed to transition out of 52 diapause since the 1950s in some locations (22, 23) . Although broad-scale changes in climate may be 53 leading to directional change in diapause timing across space and over time, polymorphism is common in 54 natural populations (24, 25) and may be maintained (26) because timing shifts alleviate competition for 55 limiting resources (such as host plants) or may be favored by year-to-year fluctuations in seasons (27) . In 56 the mid-Atlantic region of the United States, earlier springtime pupation (~20 days) reduces generation 57 time, thereby enabling production of two generations per year (bivoltine) rather than one generation per 58 year (univoltine; Figure S3 ) (28, 29) . Geographic co-occurrence of earlier-and later-pupating individuals 59 (~40 days) leads to asynchronous adult mating flights (June versus July) and allochronic reproductive 60 isolation ( Figure S4 ) (29) . Thus, in corn borers, range expansion and population growth, enhanced 61 tolerance of environmental change, and speciation may all be byproducts of natural selection on diapause 62 timing during seasonal adaptation (29, 30) . 63 64 Despite decades of work on Ostrinia (25, 26, (31) (32) (33) , no causative loci for natural variation in diapause 65 termination timing have been identified definitively. We have therefore taken an unbiased, whole-genome 66 approach to identify loci underlying this variation. Previous work found sex-linked inheritance (31, 32) and 67 evidence for a single quantitative trait locus (QTL) on the Z (sex) chromosome (25) . However, a putative 68 inversion encompassing 39% of the Z chromosome was discovered and the QTL was locked into a non-69 recombining region along with hundreds of genes, many of which were differentially expressed during 70 diapause break (33) (34) (35) . Subsequent work demonstrated that the recombination suppressor is polymorphic 71 in field populations (35) and we therefore performed QTL mapping in pedigrees with putatively collinear Z 72
chromosomes. An advantage of this approach is that it will exclusively identify the genetic architecture of 73 diapause timing, but a challenge is that individual genes or mutations associated with trait differences 74 cannot be easily identified. Therefore, we obtained the higher resolution needed using population genomic 75 sequencing data derived from phenotyped, field-caught moths. As population genomic analysis will 76 identify mutations within individual genes underlying changes in measured traits, as well as loci controlling 77 unmeasured traits subject to correlated selection in nature (such as temperature tolerance), we view the 78 approaches as parts of a complementary, two-pronged forward-genetics strategy to characterize the genetics 79 of natural variation in circannual rhythm. 80 
82
RESULTS
83
QTLs for diapause timing
84
Our first forward genetic approach used QTL mapping of diapause termination timing. In corn borers, the 85 main environmental trigger to end diapause is photoperiod (36, 37) . The time required to end diapause and 86 return to active development was quantified as the time to pupation under diapause-breaking photoperiod (25, 28, 34, 35, 38 offspring, LOD = 9.67, P < 0.001).
98
We refined the Z chromosome QTL map by including 226 offspring and 35 markers which resulted in the 
114
Genetic variation in natural populations
115
We used genome sequencing of wild populations as a second forward genetic approach to identify 116 segregating chromosomal regions affecting diapause timing. We tested for associations with PDD time in 117 pooled sequencing (pool-seq) data derived from field collections of 5 populations (Table S3 ). In addition to distribution that had a probability < 0.01% of b = 0 ("empirical Bayesian P-value" eBPis > 2) (39, 40) . The 139 autosomal analysis identified 7 SNPs in predicted genes with BF > 20 dB, but all of these had eBPis < 0.5.
140
On time and all were located in per exon 23 (Table 1c; 
354
Population genomic analyses. We sampled from 5 European corn borer (ECB) populations (see Table   355 S3 1066 from the arthropoda_odb9 gene set (Table S2 ). Prior to alignment repetitive regions were masked by 378
RepeatMasker (using Drosophila melanogaster TE library from repbase; http://www.repeatmasker.org/; 379 accessed March 2017; (104)). Genomic scaffold chromosomal location was determined as described in the 380 supplemental material. Alignment was done using Bowtie2 (105) . Due to poor quality of some of the 381 reverse mate libraries, the number of reads aligned was found to be higher when reads were aligned as University. Trimmed genomic data were analyzed using the GATK best practices pipeline (111) (112) (113) . Data 406 were aligned to the draft reference ECB genome using BWA (106) . Aligned reads were sorted and filtered 407 using picard and samtools to remove duplicates and reads with a mapping quality score (Q) below 20.
408
SNPs and small indels (< 50 bp indels) were called using GATK Haplotype caller (run in joint genotyping 409 mode) after realigning around indels. Variants were filtered using recommended GATK hard filters (113) .
410
Larger structural variants (indels > 300 bp and inversions) were called from individual aligned bam files 411 using information from split paired end reads in Delly2 (114).
413
Linkage disequilibrium. LD was calculated after the phase of genotypes was imputed using Beagle 5.0 414 (115) . Prior to LD calculation, phased genotypes were filtered to include only those located within genes 415 and MAF ≥ 0.25 and inter-scaffold r 2 was calculated in vcftools (116) . We summarized r 2 over genes and 416 performed bootstrapping analyses in R using data. Locations of polymorphisms that showed significant association (q < 0.01) in individual sequencing data indicated by light pink triangles, those that change amino acid sequence denoted by red triangles. Below, amino acid sequence for exons with differences in sequence between ECB short-and long-PDD populations aligned with selected species of flies (blue), butterflies (purple) and moths (black). a) Gene model for per in ECB, including the upstream E-box enhancer element (green diamond) and novel E-box in 5'UTR (green triangle). Domains for TIMELESS binding (PAS), DOUBLETIME binding (DBT) and CLOCK-CYCLE inhibitory domain (CCID) indicated. Two amino acid changes (outlined in red) are in the same region which Sarcophaga high diapausing mutants have a deletion (shaded in teal) and non-diapausing mutants have an insertion (teal triangle; (49)). The amino acid changes also flank a region containing several predicted casein kinase 2 (CK2) sites in ECB and a conserved serine phosphorylated by SHAGGY identified in Drosophila (outlined in blue; (125)); N=78 polymorphisms. b) Gene model for Pdfr including PDF hormone binding domain (HMB), and transmembrane domain (7 alpha helices). Amino acid sequence shown for portion of the PDF hormone binding domain region annotated in Bombyx mori (outlined in teal) with differences between ECB slow and fast populations outlined in red; N = 166 polymorphisms. (125)). Blue arrows indicate activation, red arrows are suppression, black dashes are heterodimer formation, green dashed arrows are stabilization. Candidate genes shown in pink. The heterodimer formed by Clock (CLK) and Cycle (CYC) upregulate Period (PER), Timeless (TIM), and Pigment dispersing factor receptor (PDFR) (47) . When PER and TIM are bound to Cryptochrome2 (CRY2), they migrate into the nucleus and PER-CRY2 repress CLK-CYC (126). Cryptochrome1 (CRY1) degrades TIM in the presence of light. The neurotransmitter pigment dispersing factor (PDF) binds to its receptor (PDFR) and this activation stabilizes both TIM (82) and PER (52) . CLK-CYC activates arylalkylamine N-acetyltransferase (aaNAT) which converts Serotonin (5HT) to Melatonin (MEL) (81) . b) Under short day conditions, serotonin levels are high, preventing PTTH release and leading to diapause maintenance. c) Under long days, melatonin levels are high and PTTH is released, leading to activation of ecdysone release by the PG and diapause termination. Ecdysone release is also facilitated by activation of PDFR in the PG (84) . Table S9 -S10. Position in base pairs (BP) on the scaffold shown.
